ABSTRACT: The Vacuum Silicon PhotoMultiplier Tube (VSiPMT) is an innovative design we propose for a modern hybrid photodetector based on the combination of a Pixelated Photon Detector (PPD) with a hemispherical vacuum glass PMT standard envelope. The basic idea is to replace the classical dynode chain of a PMT with a PPD, which acts as an electron multiplying detector. Such a solution will match the goal of a large photocathode sensitive area with the performances of a PPD. This will lead to many advantages such as lower power consumption, mild sensitivity to magnetic fields and high quantum efficiency. The feasibility of this idea has been throughly studied both from a theoretical and experimental point of view. As a first step we performed the full characterization of a special non-windowed Hamamatsu MPPC with a laser source. The response of the PPD to an electron beam was studied as a function of the energy and of the incident angle by means of a Geant4-based simulation. In this paper we present the preliminary results of the characterization of the PPD with an electron source.
Introduction
In astroparticle physics experiments the detection capability of PMTs seems to be unrivalled. However, the next generation of experiments, aimed at the study of very high-energy or extremely rare phenomena, will require further improvements in photodetectors performances as linearity, gain, quantum efficiency and single photon counting capability. In order to meet these requirements, we have designed a novel hybrid, high-gain, silicon-based photodetector device: the Vacuum Silicon Photomultiplier Tube [1] . This paper aims at stimulating the specialized industries to produce prototypes of this new detector. The realization of the VSiPMT will initiate, indeed, a new generation of photodetectors which exhibit several attractive features such as:
• excellent single photon detection;
• small size;
• high gain;
• negligible power consumption;
• weak dependence on magnetic fields.
We consider this idea as a boost for near-future applications of photodetectors. Emerging fields like particle astrophysics or medical equipment, diagnostics (e.g. Radioimmunoassay and Enzyme immunoassay), biomedicine, environmental measurement equipment, oil well logging, could all benefit from this new generation of photodetectors. The innovative idea is to replace the dynodes structure of a PMT with a PPD that acts as a current amplifier with a gain of 10 5 − 10 6 , roughly of the same order of a classical PMT dynode chain ( Figure 1 ). In such a configuration the PPD works as an electron multiplying detector. In our studies and for our measurements we used a S10943-8702 MPPC by HAMAMATSU (special nonwindowed series). The design has been carried on with the help of a Geant4-based simulation (described in Section 3) and, in parallel, performing an intensive experimental activity that we considered as mandatory in order to test the electron detection capability of the PPD and the feasibility of the idea. Recently, the PPD capability to detect electrons has been investigated in an experiment performed at CERN [2] . In this paper we present the preliminary results of the characterization of the PPD with an electron source at the TTT-3 accelerator available at the Physics Department of the University of Naples "Federico II" (Sections 4 and 5). A proposal design of the VSiPMT is presented in Section 6.
The PPD as an electron amplifier
In a VSiPMT the PPD is used as an electron amplifier. The electron-hole pairs are created by ionization and the Electron Detection Efficiency (EDE) can be evaluated as follows:
where FF is the PPD fill factor, η is the backscattering coefficient, P elec and P holes are the electron and hole breakdown initiation probabilities, respectively. In a classical n + pp + structure, when a pair is generated before the high field region, the electron is collected in the n + layer giving no contribution to the triggering probability; the hole is forced to pass through the full high field region. Therefore, its triggering probability is given by P holes . Conversely, when pairs are generated beyond the high-field region, only electrons contribute to the triggering probability (Figure 2 ). The trigger probability for electrons is about a factor 2 higher than for holes [3] . Therefore, in order to allow electrons to cross the high-field region and thus maximize the triggering probability, the creation of pairs should happen in the p side of the junction. In a conventional PPD each micro-cell structure is based on a reach-through avalanche structure n + pp + where a depletion region (thickness ≈ 1µm) between n + (thickness = 0.1 − 1.5µm) and p layers is created by a reverse electric field. A resistive SiO 2 layer (thickness ≈ 0.15µm, ρ = 30 − 80MΩ) is above the n + layer and produces a quenching mechanism by a local reduction of the electric field. Thus, in order to have a high electron detection efficiency it is mandatory that electrons reach the p region. For this purpose, a PPD with a p + nn + structure would be better optimized for electron detection, as suggested by our group in [1] . Indeed, in such a structure we have a higher probability that the breakdown is due to electrons and so a higher triggering probability than in a n + pp + structure. Moreover, it allows the detection of lower energy electrons (∼ 3 − 4 keV) allowing for the use of a lower photocathode voltage and consequently a lower power consumption.
Geant4 simulation: setup and results
Two effects have to be taken into account to evaluate the electron energy loss in silicon: Multiple Coulomb Scattering (MCS) and backscattering of the electrons. The electron trajectory in a silicon device is not straight, but affected by the MCS. Therefore, the range of electrons in silicon is defined exploiting the so-called Continuous Slowing Down Approximation (CSDA). It assumes that electrons lose their energy gradually and continuously, thus neglecting fluctuations in energy loss. Backscattering is mostly due to MCS, in particular elastic collisions between beam electrons and atomic nuclei of the target (primary electrons) or to anelastic collisions between impinging electrons and atomic electrons of the medium (secondary electrons). This is the most relevant process of energy loss for electrons in the low-energy range. Conventionally, the entity of backscattering is quantified by the backscattering coefficient η, defined as the ratio between the backscattered electrons and the total number of impinging electrons [4] :
A large fraction of backscattered electrons would imply a significant loss in the output signal.
The electron backscattering over a PPD surface and the optimal electron energy to maximize the triggering probability have been investigated by implementing a Geant4-based simulation [5] . The PPD has been modeled as a 5 mm Silicon box, with a 0.15 µm deep SiO 2 anti-reflective window.
We simulated an incident electron beam with energy between 1 and 20 keV. Interaction processes have been simulated with the G4EmLivermorePhysics model, which is suitable for the description of low-energy electromagnetic processes and in particular the MCS. By using a normally incident electron beam on silicon, with energy in the range 1-20 keV, we evaluated the energy threshold (E thr ) for electrons to penetrate inside the PPD and to produce electron-hole pairs in the p layer: E thr = 10 keV. We also estimated the backscattering coefficient by considering a 10 keV electron beam with angle of incidence θ varying between 0 • and 75 • . Figure 3 shows that the backscattering coefficient η of energy. It starts to be appreciable over 4 keV: in particular, at 10 keV the range is ∼ 1.2µm. Therefore, 10 keV electrons are able to pass through the SiO 2 window and to penetrate for ∼ 1.2µm inside silicon with a limited backscattering effect.
PPD characterization: experimental setup
A low energy electron beam has been set up by bombarding a carbon foil (30µg /cm 2 ) with ion beams at MeV energies accelerated by the TTT-3 accelerator available at the Physics Department of the University of Naples "Federico II". In this energy range, ions lose their energy hitting atomic electrons of the target. The probability that a backward secondary electron is emitted with an average energy of 25 eV is non negligible only if it is created within 100Å from the carbon surface [6] . Therefore, for our tests we collect backward secondary electrons. According to the Geant4-based simulation results, to test the PPD as an electron multiplying detector we need to accelerate the beam up to 9 keV. For this purpose the carbon foil is kept to -9kV and a three electrostatic grids system has been designed to accelerate and to deflect the electron beam. The first grid, namely the acceleration grid, is placed 2 mm from the carbon foil and is kept at -4 kV in order to collect and accelerate the electrons towards the electrostatic mirror. The latter is composed of two plane and parallel grids oriented at 45 degrees with respect to the carbon foil surface ( Figure 5 ). Exploiting the same potential difference between the carbon target and the first acceleration grid, the electrostatic mirror provides a deflection of the electron beam where the angle of emission equals the angle of incidence. A 90 degrees deflection is necessary to avoid that the PPD intercepts the incident proton beam and backscattered protons during the characterization phase. A Monte Carlo simulation has previously been implemented to determine the potential and the po-sition of each grid to make the electron beam deflect. The electrostatic mirror and the acceleration grid are 95% transparent to the electron beam ( Figure 6 ). 
PPD characterization: preliminary results
The first step of the characterization of the PPD as an electron multiplying detector consisted in the test of electron counting capability of the PPD. For this purpose a 8 MeV 3+ C beam has been used. The average energy loss by 3+ C ions in collisions with Carbon atomic electrons per unit length is dE dx = 152 eV/Å, i.e. in 100Å each 3+ C ion extracts ∼ 1300 electrons. Considering that the measured 8 MeV 3+ C beam current is I p = 400 pA, the backward electron current is I bw = 1300 × I p = 520 nA. The area of the proton beam is A spot ∼ 0.9 ± 0.1 cm 2 , while the area of the PPD is A PPD = 1mm 2 . Consequently, the input electron current on the PPD is:
The readout circuit is represented in Figure 7 : the PPD's output is connected to the input of a current-to-voltage amplifier, a LMH6624 by National Semiconductor used in inverting configuration and powered at ±5V [7] . Figure 8 shows the output signal of the amplifier and the histogram As a further step of the characterization of the PPD as an electron multiplying detector we performed a measurement of the EDE, defined in Section 2. Given the input electron current I in and the output amplified current I out of the PPD, the EDE is given by:
where G = 2.7 · 10 5 is the gain of the PPD, measured as in [7] . For this purpose a 2 MeV proton beam has been used. The average energy loss by protons in collisions with Carbon atomic electrons per unit length is dE dx = 3.2 eV/Å. Therefore, each proton extracts ∼ 28 electrons in 100Å. Given that the measured 2 MeV proton beam current is I p = 500 pA, the backward electron current is I bw = 28 × I p = 14 ± 3 nA. Consequently, the input electron current on the PPD is:
3)
The output current I out of the PPD is measured by the readout circuit described in Figure 7 . Figure  9 shows the output signal of the amplifier: again the oscilloscope is triggered by the signal itself and responses for multiple triggers are overlaid. The peak amplitude in Figure 9 is V peak ∼ 4.6± 0.5 mV. The output current of the PPD can be determined as follows:
where R f is the feedback resistance in the readout circuit of Figure 7 . Therefore, the preliminary estimation of the EDE is:
that is in good agreement with the expected value of ∼ 27%. On the basis of our preliminary results we conclude that the good electron counting capability of the PPD and the measured EDE represent a proof of the feasibility of the VSiPMT.
Technical design proposal
A 8" VSiPMT with a bialkali photocathode (quantum efficiency ∼ 25%) is presented in Figure 10 . The main change in the proposed VSiPMT with respect to the standard PMT is the replacement of the dynode chain with a Hamamatsu S10943-8702 non-windowed PPD. On the basis of our experimental results and of our Geant4-based simulation, the photocathode potential is set at -9 kV. A system of three electrodes is used to focus photoelectrons on the PPD. The use of a PPD as current amplifier in a VSiPMT shows many advantages. The most important is the very simple structure: indeed a VSiPMT requires only a 6-pin base, as shown in the bottom scheme in Figure  11 . Five of these six pins provide power supply to the three focusing electrodes, the photocathode and the PPD cathode. The last pin is connected to the PPD anode providing the signal readout.
The power consumption of a VSiPMT with respect to a standard PMT is reduced by a factor ∼ 1000. Moreover, according to backscattering coefficient simulation results, we expect that in a VSiPMT afterpulses caused by elastic scattering of electrons on the PPD surface are ∼ 12%. Furthermore, afterpulses caused by positive ions originated from the ionization of residual gases in the vacuum tube are strongly reduced by the substitution of a many steps amplification system, the classical dynode chain, with a single stage amplification system, the PPD. Finally, considering an expected EDE of the PPD of ∼ 27% and taking into account a photocathode quantum efficiency of ≈ 40% [9] we expect a VSiPMT photon detection efficiency of ∼ 10%.
Conclusions and perspectives
We have presented preliminary results of the characterization of a PPD with an electron source. The performance of the PPD as an electron multiplying detector has been tested in view of the realization of a first prototype of VSiPMT, an innovative high-gain hybrid photodetector. The first step consisted in the test of the electron counting capability of the PPD. We used a 9 keV electron beam generated bombarding a Carbon foil with a 8 MeV 3+ C beam accelerated by a TTT-3 accelerator, while the readout circuit is composed by a current-to-voltage amplifier in inverting configuration. The histogram of the peak values of the output signal shows quite well separated peaks: this represents an evidence of the feasibility of the PPD as an electron counter. A revised version of the experimental setup is currently under development to provide optimal operating conditions to the PPD. An improvement of electron counting performances (better separation of the peaks) is expected. We also estimated the Electron Detection Efficiency of the PPD. For this purpose we bombarded the Carbon foil with a 2 MeV proton beam, using the same readout circuit. We find out that our estimation is in good agreement with the expected value of ∼ 27%, determined on the basis of the Geant4-based simulation described in Section 3. These results are very encouraging, opening up good possibilities about the feasibility of a new high-gain hybrid photodetector which foresees the use of a PPD as a single stage electron amplifier. We expect the VSiPMT to have good features such as: a very low power consumption, a more compact structure, a good photon counting capability and a low afterpulse rate. To date, we expect the VSiPMT photon detection efficiency to be ∼ 10%. However, PDE can be significantly improved by using a PPD with different features. Indeed, a PPD with a p + nn + structure is better optimized for electron detection and allows the detection of lower energy electrons (∼ 3 − 4 keV), leading to lower power consumption. Another possibility is to use a PPD with a 50µm pixel size, having a fill factor of 61.5%. In this way the EDE of the PPD would be doubled.
In future the PDE of a VSiPMT can be remarkably increased by using a PPD with quenching resistors integrated in the bulk [8] and new generation ultra bialkali photocathodes [9] . In such a configuration a fill factor of ∼ 90% is reachable, leading to an expected PDE of the VSiPMT of ∼ 30%.
